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Edited by Veli-Pekka LehtoAbstract We investigated the eﬀect of modeled microgravity
(MMG) on normal vascular smooth muscle cells (VSMC) and
neoplastic human breast cancer cells (MCF-7). In both cell
types, MMG induced partial arrest in G2M and increased p14-
3-3, HSP70, HSP60 and p21 expression. Cells synchronized
by 24 h starvation reentered the normal cycle within 24 h if re-
leased in complete medium and exposed to normal gravity, but
not if exposed to MMG. Similarly, MMG prevented VSMC
and MCF-7 cells from overcoming growth arrest and re-synthe-
sizing DNA. This study shows that cells adjust their metabolic
rate in response to MMG.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Microgravity induces adverse and metabolic eﬀects in ani-
mals, humans and cellular systems [1–4]. We have evaluated
the eﬀects of microgravity on cell proliferation, glucose uptake,
amino acid uptake and incorporation into proteins in neoplas-
tic human breast cancer cells (MCF-7) and normal murine vas-
cular smooth muscle cells (VSMC). Although these cells
originate from diﬀerent tissues and diﬀerent species and have
a distinct diﬀerentiation status, both are p53-positive and re-
quire similar culture conditions. In addition, both cell types
have insulin receptors, which suggest that their metabolic
activities depend on culture nutrients, including the insulin
normally present in fetal calf serum (FCS). As transformed
cells, MCF-7 require constant refurbishment to meet their en-
ergy requirements and are hence highly dependent on glucose
metabolism for growth, whereas muscle cells depend on ami-
no-acid metabolism (protein synthesis and breakdown). There-
fore, glucose uptake and amino acid uptake and utilizationAbbreviations:MMG, modeled microgravity; VSMC, vascular smooth
muscle cells; FCS, fetal calf serum; RPM, random positioning mach-
ine; MCF-7, neoplastic human breast cancer cells; NG, normal gravity
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doi:10.1016/j.febslet.2006.03.078studies conducted in these cells under conditions of micrograv-
ity may reveal derangements of metabolism induced by space-
related stress.2. Materials and methods
2.1. Cell cultures
Human breast cancer MCF-7 cells were grown in DMEM-5% FCS+
at 37 C in a humidiﬁed atmosphere as previously reported [5]. VSMC
were harvested from aortas of young male rats (Sprague Dawley) by the
media explant technique and cultured in DMEM-10% FCS+ as de-
scribed elsewhere [6]. Serum starvation (in modiﬁedKrebs Ringer phos-
phate solution in the presence of 0.025% albumin) is designated
‘‘FCS’’. [3H]-thymidine, 2-deoxy-D-[14C]-glucose and [35S]-methionine
were purchased from Amersham (Milan, Italy). Concentration of pro-
teins extracted from cells was measured as according to Bradford [7].
2.2. Modeled microgravity
Six ﬂasks containing 1.5 · 105 MCF-7 cells or VSMC, at time 0 were
ﬁlled with FCS+ media and capped. Three (MCF-7 or VSMC) ﬂasks
were placed in a temperature-controlled room (37 C) on a running
random positioning machine (RPM; Dutch Space, The Hague, NL);
the remaining three ﬂasks were fasten to the edge of the RPM and
served as controls (see below). Samples and controls were left to grow
for 48 h in modeled microgravity (MMG).
2.3. Normal gravity
Cells grown on the RPM are subjected to changes in gravity and
mechanical stress due to the vibration of the machine. Therefore, we
fasten the control ﬂasks to the edges of the RPM. All control cells con-
sidered hereafter are those subjected to mechanical stress only.
2.4. DNA synthesis, glucose uptake, methionine uptake and
incorporation into neo-synthesized proteins
2.4.1. DNA synthesis. These assays were carried as described previ-
ously [5]. MCF-7 or VSMC (normally 1.5 · 105 cells) were incubated
with 1 lCi/ml of [3H]-thymidine as detailed in the legends to Figs.
1B and 4, respectively, then rinsed three times with cold PBS, and ﬁxed
in cold 10% trichloroacetic (TCA) acid. The precipitates were washed
with ethanol and dried by evaporation. The precipitates were washed
and solubilized in NaOH: a portion was used to determine protein con-
centration [7]; the remaining part was neutralized with HCl and
counted by liquid scintillation. Incorporation was calculated as counts
per minute (cpm) per mg of protein and expressed as percentage of
control. Three separate experiments have performed. Each experiment
was done using triplicate samples.
2.4.2. Glucose uptake. VSMC andMCF-7 cells were plated at a den-
sity of 1.5 · 105 cells and grown inFCS+medium.Cells were cultured for
about 24 h, transferred to a temperature-controlled room(37 C)and ex-
posed to MMG in a RPM for 48 h. They were then washed and starved
for 5 h inmodiﬁedKrebsRinger phosphate solution. Incubation (37 C)blished by Elsevier B.V. All rights reserved.
Fig. 1. Panel a: MCF-7 cells (left) and VSMC (right) after 48 h of growth in NG and MMG. Panel b: Incorporation of [3H]-thymidine into DNA in
MCF-7 (left) and VSMC cells (right) exposed to MMG (close bars) and NG (open bars). Panels c and d: [35S]-methionine uptake and TCA-
precipitable material in MCF-7 (left) and VSMC cells (right) exposed to NG and MMG. Panel e: Uptake of 2-deoxy-[14C]-glucose in MCF-7 (left)
and VSMC (right) exposed to NG and MMG. Data are calculated by dividing the measured cpm per mg of protein and were expressed as % of
respective controls to allow the results of three experiments to be pooled and analyzed collectively. Statistical signiﬁcance in each experiment was
estimated with the t test, where P < 0.05 was considered statistically signiﬁcant.
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and 0.17 mM glucose as carrier [5]. Next, cells were washed and solubi-
lized in NaOH and the protein concentration determined [7]. Finally
[14C]-deoxy-glucose radioactivity was counted by liquid scintillation.
Uptake was calculated as counts per minute (cpm) per mg of protein
and expressed as percentage of control. Three separate experiments have
performed. Each experiment was done using triplicate samples.
2.4.3. Methionine uptake and incorporation. Amino acid uptake was
determined in triplicate by measuring the uptake of [35S]-methionine
under normal gravity (NG) or MMG. After 36 h of MMG, cells were
removed from the RPM, washed, repositioned on the RPM, and
starved for 12 h with modiﬁed Krebs Ringer phosphate solution in
the presence of 0.05% albumin. Incubation (37 C) was continued for
30 min after the addition of [35S]-methionine (12.5 lCi/ﬂask). Next,
cells were thoroughly washed and solubilized in NaOH. The solutionwas divided in three parts: a portion was used to determine protein
concentration [7], a portion was used to count total radioactivity (free
plus incorporated into proteins), a portion was used to measure pro-
tein-associated radioactivity after precipitation with TCA as described
elsewhere [8]. Results (counts per minute per mg of total protein) are
expressed as percentage of controls. Three similar experiments have
performed. Each experiment was done using triplicate samples.2.5. Statistical analysis and presentation of data
Thymidine incorporation, methionine incorporation/uptake and
glucose uptake were expressed as % of respective controls to allow
the results of multiple experiments to be pooled and analyzed collec-
tively. Statistical signiﬁcance was estimated with the T-test. A P value
of less than 0.05 was considered statistically signiﬁcant.
R. Coinu et al. / FEBS Letters 580 (2006) 2465–2470 24672.6. Flow cytometry – polyacrylamide gel electrophoresis and Western
blotting
At least 20000 events were collected for each sample. Samples pre-
pared as described by Crescenzi et al. [5] were routinely run in quadru-
plicate in an Excalibur Cytoﬂuorimeter (Becton Dickinson, Mountain
View, CA).
Total cell protein preparations, the materials and the detailed proce-
dure used for electrophoresis and Western blotting (WB) on nitrocellu-
lose ﬁlters, including the antibodies (primary and secondary) are as
previously reported [9]. In brief, after staining with Red Ponceau, suit-
able ﬁlters (i.e., those displaying a uniform level of staining in all lines)
were developed using an electro chemiluminescent WB detection re-
agent (Amersham) and quantiﬁed by scanning with a Discover Phar-
macia scanner equipped with a Sun Spark Classic Workstation. The
protein extracts, obtained by three ﬂasks were individually analyzed
by WB. Results are representative of three experiments.
2.7. Cell starvation, cycle arrest and recovery
Dishes containing 4 · 104 MCF-7 or VSMC cells were incubated
for 24 h at 37 C in 7 ml of complete medium. 24 h after attachment,
cells were washed and starved with modiﬁed Krebs Ringer phosphateTable 1
Cell cycle of MCF-7 cells and VSMC exposed to NG and to MMG for
24 h
MCF-7 VSMC
NG MMG NG MMG
G0/1 63.4 ± 0.14 64.4 ± 4.0 70.4 ± 1.5 67.5 ± 1.5
S 27.7 ± 1.4 18.4 ± 2.5 23.7 ± 1.34 17.7 ± 2.2
G2/M 8.9 ± 1.5 17.2 ± 2.8 5.9 ± 0.14 14.8 ± 0.7
Average of three measurements.
Fig. 2. Each histogram, obtained by digital densitometry, compares the exp
conditions (controls, open bars). Density of controls was arbitrarily set at 100
staining with Red Ponceau has been used as indicator of uniform protein tr
representative WB inserts show the proﬁle of the indicated proteins in MMG
been performed, all data may be considered only denotative of an apparent
particular protein expression.solution in the presence of 0.05% albumin for 24 h, at which time the
cell cycle was arrested. To determine the time required for cells to reen-
ter the cycle, cell cycle arrested cells were released in complete medium
and analyzed by cytoﬂuorimetry at 4, 8, 12 and 24 h. The eﬀect of
MMG on MCF-7 and VSMCs capacity to reenter the cycle, was esti-
mated by cytoﬂuorimetry, whereas the recovery of original prolifera-
tion rate, was evaluated by [3H]-thymidine incorporation experiments.
Cell cycle. Recovery after cell synchronization. Synchronized MCF-7
cells (seeded at a density of 1.5 · 105 cells/ﬂask) were obtained by
starvation in FCS medium. Thirty-six hours later, ﬂasks were
drained, reﬁlled with FCS+ medium, divided into two groups of three
ﬂasks each and exposed, respectively, to MMG or NG (controls) for
24 h. Cells were then ﬁxed and analyzed by cytoﬂuorimetry.
[3H]-thymidine incorporation. Recovery from cell synchronization. To
evaluate recovery from cell synchronization, six ﬂasks containing
2.0 · 105 attachedMCF-7 cells (time 0) were starved for 30 h by expo-
sure to FCS for 24 h. Once cells were synchronized, FCSmediumwas
replaced with FCS+medium containing 1 lCi/ml [3H]-thymidine. Three
ﬂasks were kept under NG, and three were put on the RPM, and incor-
poration was measured 15 h later. In a diﬀerent experiment, six ﬂasks
containing 2.0 · 105 VSMC cells were released in FCS and exposed
to MMG for 24 h. Cells were then released in FCS+ medium containing
1 lCi/ml [3H]-thymidine, divided in two groups (three in NG and three
in MMG) and incubated for an additional 10 h before ﬁnal assessment
of thymidine incorporation. Each experiment, with MCF-7 and VSMC
was performed twice, in identical conditions as above.3. Results and discussion
We have comparatively analyzed two cell lines, namely
VSMC (normal) and MCF-7 (transformed) cells to understand
how and to what extent weightlessness alters cellular propertiesression of the marked protein in MMG (closed bars) versus the NG
. Upper panel refers to MCF-7 cells; lower panel to VSMC cells. Filter
ansfer, while actin (not shown), has been used as loading control. The
and NG conditions. Although multiple experiments and scans have
increasing (left), decreasing (center) or unchanging (right) trend in the
2468 R. Coinu et al. / FEBS Letters 580 (2006) 2465–2470including basal proliferation rate (thymidine incorporation),
glucose uptake and methionine uptake/incorporation, cell cy-
cle proﬁles and the expression of several proteins.
3.1. Cell growth and proliferation
Proliferation was much lower in MCF-7 cells and in VSMC
exposed to MMG versus NG (Fig. 1, panel a). Moreover, [3H]-
thymidine incorporation was signiﬁcantly (P < 0.05) lower in
MCF-7 cells (70%) and in VSMC (50%) exposed to
MMG (Fig. 1, panel b). As found in free-ﬂoating Jurkat cells
[10], MMG caused both cell types to slightly accumulate in G2/
M (Table 1). This partial remodeling of the cell cycle was asso-
ciated with reduced cell proliferation. Prolonged MCF-7 mito-
sis during MMG is not a new ﬁnding and has been attributed
to weightlessness-induced alteration of microtubules [4]. Also
Meyers et al. [11] found that MMG alters proliferation rate,
and reported that MMG, by decreasing integrin/MAPK sig-
naling, contributes to reduced osteoblastogenesis during diﬀer-
entiation of human mesenchymal stem cells. Similarly, Plett
et al. [12] demonstrated that MMG causes alterations of
human hematopoietic progenitor cells.
3.2. Cellular metabolic activity
Fig. 1 shows also the eﬀects in both MCF-7 and VSMC cells
of MMG as compared to NG on some metabolic cellular activ-Fig. 3. MCF-7 growing in FCS+ in NG (a); cells starved in FCS for 24 h un
further 24 h under NG (c); cells starved for 24 h and released in FCS+ for a fu
samples.ities. It appears that the incorporation of methionine into TCA-
precipitable materials (panels c), its cellular uptake (panels d)
and the deoxy-glucose uptake (panels e), are neatly reduced.
All the diﬀerences noted were statistically signiﬁcant (P < 0.05).
3.3. Protein expression
Protein expression has been quantitated by digital densitom-
etry of three independent experiments. As may be noticed by
the bars in Fig. 2 (see additional details in the legend),
MMG-exposed MCF-7 cells (upper panel) express increased
levels of HSP60 (50%), Bcl-XL (35%) and p14-3-3 protein
(30%); even p21 and HSP70 appear to be elevated, although
to a lesser extent. Densitometry indicated possibly lower levels
of both Cdk-1 and -2 (15%). Similarly MMG did not (or very
imperceptibly) aﬀect the expression of p53, Bax, Bcl-2, p27 and
Cyclins or PARP (not shown). As shown in lower panel of the
same ﬁgure, MMG-exposed VSMC cells appear to express in-
creased levels of HSP60 (>50%) and, to a lesser extent, of p21
(25%), HSP70 (20%), p14-3-3 (20%) and Bcl-XL (15%).
Cyclin kinases appear to decrease of 20%, while cyclins, p53,
p27, Bax and also Bcl-2 (which indeed is already undetectable
in control VSMC cells) appear to remain unchanged. Even in
this case, PARP was not aﬀected (not shown).
The increased expression of the constitutive proteins HSP-
60, in particular, and, to a lesser extent, HSP-70 is obscure,der NG (b); cells starved for 24 h (as before) and released in FCS+ for a
rther 24 h under MMG (d). Data shown are representative of triplicate
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refolding process after damage [13]. It is possible that MMG
drives cells beyond their normal activity. This metabolic dis-
turbance, accompanied by a modest, albeit reproducible in-
crease in p21 and Bcl-XL expressions, negatively inﬂuences
cell proliferation. Similarly, MMG aﬀected appreciably the
expression of p14-3-3 (especially in MCF-7). This protein is
important for such vital regulatory processes as mitogenic sig-
nal transduction and cell cycle control [14]. In agreement with
the cell cycle proﬁles, which lacked signs of apoptosis, the pro-
ﬁles of the pro-apoptotic proteins BAX and PARP (not
shown) are unchanged as compared to controls.
Since digital densitometry integrates bands produced on
ﬁlms by chemiluminescent signals, which are intrinsically
semi-quantitative, the data should be regarded with some cau-
tion: nonetheless, they are not in contrast with our metabolic
and cytoﬂuorimetric ﬁndings (see below) and previous obser-
vations made by others [10,11].
3.4. Eﬀect of MMG on synchronized cells
We used two strategies, both based on a ‘‘stop and go’’ ap-
proach, to determine whether MMG aﬀects proliferation rate.
This requires preliminary synchronization of cells by serum
starvation (stop) followed by re-nourishing of cells in FCS-con-
taining medium (go) in MMG or NG (Fig. 3, panel a, controls).
In one strategy we examined the original cell cycle proﬁle, and
in the other we evaluated restoration of the propensity to syn-
thesize DNA by examining [3H]-thymidine incorporation.
Cell cycle. Exposure of MCF-7 cells for 24 h to a FCS solu-
tion caused cell cycle arrest and complete (92%) synchroniza-
tion in G1 (Fig. 3, panel b). Upon release in FCS
+ medium,
these cells resumed normal cycling activity, and the original
proﬁles were restored after exposure to NG for 24 h (Fig. 3,
panel c). This was not the case of cells exposed to MMG for
24 h. In this case >90% of cells arrested by starvation in G1
did not progress (Fig. 3, panel d). This result indicates that
MMG can hamper the normal cycling of the malignant fast-
proliferating MCF-7.[3 H
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Fig. 4. Stop and go experiments. Two separate experiments have been
performed on both cell type (MCF-7, left; VSMC, right). Each
individual experiment was performed using three samples and three
controls. The data reported in the chart depict the best estimate
(weighted average) of each pair of experiments. Initial cell synchro-
nization was obtained by serum deprivation (stop). [3H]-thymidine
incorporation was measured following release of cells in FSC+ medium
(go). Open bars refer to NG and close bars to MMG. The observed
diﬀerences were statistically signiﬁcant (P < 0.05). See Section 2 for
further details.[3H]-thymidine incorporation. To determine whether MMG
aﬀects DNA synthesis, we examined fast growing MCF-7 cells
and the normal slow proliferating VSMC. MCF-7 cells were
synchronized by simple starvation for 24 in NG, whereas the
slow proliferating VSMC cells were synchronized by starving
cells exposed to MMG for 24 h.
The best estimates of two experiments, based on the
weighted average of the determinations are reported in
Fig. 4, indicated that DNA synthesis was reduced by 4-fold
(MCF-7, left panel) and 2-fold (VSMC, right panel) in cells
exposed to MMG. In both cases, the diﬀerences of the means
are statistically signiﬁcant (P < 0.05).
In conclusion, our results show that MMG alters the cytoﬂu-
orimetric proﬁle and slows down fundamental metabolic activ-
ities (glucose uptake, methionine uptake/incorporation and
thymidine incorporation) in normal and transformed cells.
MMG did not aﬀect signiﬁcantly the expression of most pro-
teins that are related to the cell cycle and apoptosis, whereas
it altered the expression of stress proteins. The large increase
in the expression of HSP-60 and a minor increase in HSP-70
and 14-3-3 protein, suggest that transformed and normal cell
lines are able to ‘‘sense’’ the altered conditions of gravity. We
hypothesize that cells respond to stress by putting the prolifer-
ative and metabolic machinery on ‘‘stand by’’. MMG-pro-
moted quiescence is demonstrated in both cell lines by the cell
cycle proﬁling data and thymidine incorporation after synchro-
nization. MMG alters the hydrodynamics of nutrient ﬂuids
(buoyancy and convection), that, in turn, aﬀects the cell envi-
ronment and cell–cell interactions. These changes, responsible
for previously reported alterations in cell morphology [4,10]
and in metabolic activity in animals [1] may explain also our re-
sults. It remains to be established whether or not these eﬀects are
fully or partially reversible, if are transient and if they may rep-
resent potential danger to human health in space, particularly in
the presence of other hazards such as cosmic radiation.
Acknowledgements: G.P. is personally indebted to the Responsible of
the RPM facility in Sassari for his generosity. All Authors thank Gav-
ino Campus for the skilled technical support, Jean A. Gilder for text
editing and the MoMa project (ASI, Rome, Italy) for funding.
References
[1] Pamnani, M.B., Mo, Z., Chen, S., Bryant, H.J., White, R.J. and
Haddy, F.J. (1996) Eﬀects of head down tilt on hemodynamics,
ﬂuid volumes, and plasma Na–K pump inhibitor in rats. Aviat.
Spac. Environ. Med. 66, 928–934.
[2] Hughens-Fulford, M. and Lewis, M.L. (1996) Eﬀects of micro-
gravity on osteoblast growth activation. Exp. Cell Res. 224, 103–
109.
[3] Carlsson, S.I., Bertilaccio, M.T., Ballabio, E. and Maier, J.A.
(2003) Endothelial stress by gravitational unloading: eﬀects on cell
growth and cytoskeletal organization. Biochim. Biophys. Acta
1642, 173–179.
[4] Vassy, J., Portet, S., Beil, M., Millot, G., Fauvel-Lafe`ve, F.,
Karniguian, A. and Gasset, G. (2001) Eﬀect of weightlessness on
cytoskeleton architecture and proliferation of human breast
cancer cell line MCF-7. FASEB J. 15, 1104–1106.
[5] Crescenzi, E., Varriale, L., Iovino, M., Chiaviello, A., Veneziani,
B.M. and Palumbo, G. (2004) Photodynamic therapy with
indocyanine green complements and enhances low-dose cisplatin
cytotoxicity in MCF-7 breast cancer cells. Mol. Cancer Ther. 3,
537–544.
[6] Owens, G.K., Loeb, A., Gordon, D. and Thompson, M.M. (1986)
Expression of smooth muscle speciﬁc alfa isoactin in cultured SM
cells: relationships, growth and cytodiﬀerentiation. J. Cell Biol.
102, 343–352.
2470 R. Coinu et al. / FEBS Letters 580 (2006) 2465–2470[7] Bradford, M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72, 248–
254.
[8] Consiglio, R., Rengo, S., Liguoro, D., Riccitiello, F., Formisano,
S., Palumbo, G. and Di Jeso, B. (1998) Inhibition by glass-
ionomer cements of protein synthesis by human gingival ﬁbro-
blasts in continuous culture. Arch. Oral Biol. 43, 65–71.
[9] Varriale, L., Coppola, E., Quarto, M., Veneziani, B.M. and
Palumbo, G. (2002) Molecular aspects of photodynamic therapy:
low energy pre-sensitization of hypericin loaded human endome-
trial carcinoma cells enhances photo-tolerance, alters gene
expression and aﬀects cell cycle. FEBS Lett. 512, 287–290.
[10] Lewis, M.L., Reynolds, J.L., Cubano, L.A., Hatton, J.P.,
Lawless, B.D. and Piepmeier, E.H. (1998) Spaceﬂight altersmicrotubules and increases apoptosis in human lymphocytes
(Jurkat). FASEB J. 12, 1007–1018.
[11] Meyers, V.E., Zayzafoon, M., Gonda, S.R., Gathings, W.E. and
McDonald, J.M. (2004) Modeled microgravity disrupts collagen
I/integrin signaling during osteoblastic diﬀerentiation of human
mesenchymal stem cells. J. Cell Biochem. 93, 697–707.
[12] Plett, P.A., Abonour, R., Frankovitz, S.M. and Orschell, C.M.
(2004) Impact of modeled microgravity on migration, diﬀerenti-
ation, and cell cycle control of primitive human hematopoietic
progenitor cells. Exp. Hematol. 32, 773–781.
[13] Minowada, G. and Welch, W.J. (1995) Perspectives clinical
implications of the stress response. J. Clin. Invest. 95, 3–12.
[14] Fu, H., Subramanian, R.R. and Masters, S.C. (2000) 14-3-3
Proteins: structure, function and regulation. Annu. Rev. Phar-
macol. Toxicol. 40, 617–647.
